Introduction {#Sec1}
============

An undergraduate medical curriculum often begins with a foundational course in anatomy, given the importance of this knowledge base for understanding and contextualizing clinical pathophysiology. Didactic lecture and cadaveric dissection have traditionally been the mainstay of anatomical learning, with proponents of its use arguing its importance in a wholistic and multisensory understanding of the human body's organization, an exposure to anatomic variability, establishing team-based learning, and even fostering a comprehension of patient mortality \[[@CR10]\]. However, the challenges to cadaveric dissection include financial costs, time requirements, and limited cadaveric availability. Coupled with the advent of modern computer technologies, this has prompted the exploration of innovative supplemental tools for anatomy education \[[@CR1], [@CR13], [@CR30]\].

In addition to simulation and plastinated models, the effectiveness of computer-assisted learning as a means of teaching anatomy has been extensively studied \[[@CR6], [@CR21]\]. Computer-based learning is comprised of 2-dimensional and 3-dimensional (3-D) methods. 3-D visualization software efforts have been successful in teaching head and neck \[[@CR4]\] and circulation anatomy \[[@CR32]\] to undergraduate medical students, in addition to teaching pelvic floor anatomy to more advanced trainees \[[@CR5]\]. Comparisons between 2D- and 3D-teaching have been equivocal, with some studies demonstrating no difference between the methods \[[@CR12], [@CR16]\], while other studies support the superiority of 3-D technologies \[[@CR26], [@CR28]\]. A recent meta-analysis, however, reported that 3-D visualization technologies were overall more effective than 2-D methods in terms of participants' factual and spatial knowledge acquisition, along with user satisfaction and perception of the learning method \[[@CR38]\].

3D-technologies can be further subdivided based on the type of medium employed, namely, tablet displays, virtual reality and augmented reality \[[@CR23]\]. 3-D software available for use on smartphones and tablets is becoming increasingly more powerful, such that users can manipulate the view of selected structures and can incrementally add on adjacent structures to suit their own learning pace \[[@CR20], [@CR31]\]. Virtual reality technology has expanded with the release of consumer-grade devices such as the Oculus Rift, allowing users to have an immersive educational experience. Examples of such technology include the ability to navigate digital pathology slides \[[@CR7]\] and complete a 3-D virtual anatomy puzzle \[[@CR22]\]. Augmented reality is another promising technology which involves being able to superimpose digital images and objects on a user's existing environment. The effectiveness of augmented reality has been demonstrated using handheld mobile devices, resulting in significant improvements in anatomy learning compared to control groups \[[@CR14]\]. Interestingly, augmented reality technology has been reported to be less cognitively-demanding for students compared to traditional 2-D methods \[[@CR17]\].

The utility of computer-based technology has been studied with regards to teaching ear anatomy. The supplementation of a web-based tutorial with a fully interactive 3-D computer model of the middle and inner ear was found to significantly improve participants' knowledge compared to the tutorial alone \[[@CR26], [@CR27]\]. Active manipulation of a virtual inner ear structure was also reported to promote greater structural recall compared to passive interaction with the model \[[@CR15]\]. To date, however, the effectiveness of 3-D holographic models as a means of teaching ear anatomy has not been studied. Furthermore, the middle and inner ear are some of the most spatially complex regions in the body and pose significant challenges to the learner. The present study thus aimed to evaluate the feasibility and effectiveness of learning ear anatomy using holographic (HG) anatomic models in comparison to traditional 2-D learning methods (i.e., didactic lecture \[DL\] and web-based computer module \[CM\]).

Materials and methods {#Sec2}
=====================

This prospective randomized controlled non-clinical trial was approved by the Queen's University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board (project \#6024569) and the Queen's University School of Medicine Undergraduate Medical Education Curriculum Committee.

Participants {#Sec3}
------------

Sample size was based on previous work by our research group, \[[@CR2], [@CR36], [@CR37]\] which demonstrated adequate power and significant differences using a similar three-intervention design with 8 participants in each group. To account for the possibility of participant withdrawal during the study, we aimed to include 10 participants in each intervention group. All first- and second-year medical students from Queen's University were invited to participate in the study. Participants were excluded from the analysis if they did not complete the assigned intervention modality along with pre- and post-intervention assessments. After obtaining written consent, participants were randomized to one of the three intervention groups (i.e., DL, CM or HG).

Didactic lecture (DL) {#Sec4}
---------------------

To standardize the DL intervention, all participants assigned to that arm attended a single lecture taught by the senior author (J.A.B.). The anatomy of the middle and inner ear was explained using various static images obtained from the computer-generated 3-D model used in the HG intervention. Given the short duration of the presentation itself, the lecture was repeated to fill the 30-min allotted time slot.

Web-based computer module (CM) {#Sec5}
------------------------------

Participants randomized to the CM intervention were sequestered for 30 min and allowed to access a time-released module via their personal computers. The module consisted of the same slides used in the presentation to the DL group.

Holographic model (HG) {#Sec6}
----------------------

Object data for the anatomic model used in this study originated from Campbell's 3-D computer model of the inner ear \[[@CR3]\], which in turn, was derived from magnetic resonance images of the human cadaver ear \[[@CR9], [@CR11]\]. Both data sets are publicly available and were used under license CC BY-NC-SA 1.0 and CC BY-NC-SA 4.0, respectively. The object data were imported into Unity® software to develop the holographic model used in this study. The model displayed anatomic components of the middle and inner ear and the mastoid structures, namely, the tympanic membrane through the ossicles to the vestibule and cochlea and the associated regional nerves (Fig. [1](#Fig1){ref-type="fig"}). All structures were labeled and visible to the user at all times. The model was displayed using the Microsoft HoloLens, which is a head-mounted display unit that uses a pair of transparent combiner lenses to project the images in front of the user. Participants could observe and study the structures at a distance, or choose to walk around the model for spatial exploration as if the model existed in their real physical space. No gesture interactions were implemented for the current model. Prior to beginning this study, this model had been piloted by our research group with another group of 26 undergraduate medical students to ensure the usability of the model. Fig. 1Two-dimensional rendering of the holographic model used to teach anatomy of the middle and inner ear

Since the HG model did not include any text besides the labelled structures, participants in this group were provided with a handout of the text included in the presentation slides of the DL and CM group. Prior to beginning the study, participants in the HG group received an additional 10 min of prior device training to ensure a comfortable fit with the Microsoft HoloLens. The study commenced once participants in this HG arm indicated comfort with seeing and interacting with holographic objects in their space.

Study design {#Sec7}
------------

All participants first completed a baseline assessment test, comprising of 20 multiple-choice questions requiring identification of middle and inner ear anatomical structures. All images used on the test were taken from the 3-D model created for this study. Following the baseline testing, all participants underwent 30 min of training in their corresponding learning intervention arm (DL, CM, or HG, as outlined above). For all three intervention arms, the session instructor (J.J.G.) was immediately available to answer any questions that the participants had.

Upon completion of the intervention, all participants completed the assessment test again. Participants also completed a questionnaire to obtain data on the effectiveness of the learning intervention. The survey comprised of quantitative and qualitative parts, the first of which asked participants to use a 5-point Likert scale (1 = not effective, 5 = very effective) to evaluate their respective learning intervention on the following aspects: (i) overall effectiveness, (ii) ability to teach factual content, (iii) effectiveness of teaching spatial orientation/relationships between anatomic structures, (iv) effectiveness of learner engagement and motivation. In the second part of the survey, participants were asked to name their preferred method of learning (i.e., DL, CM or HG) and explain why they preferred that method. While there was no concerted effort to keep participants blinded as to the other arms of the study, participants were not given details concerning the other teaching modalities until reaching this point in the survey. When answering this question, the other modalities were discussed with participants to help them determine which of the three learning methods they would prefer if all three were available to them. Finally, the survey asked for feedback on how to improve the hologram as a learning tool. Students in the DL and CM groups were not required to answer the last question, however, if they expressed interest in viewing the HG model, they were then able to use the HoloLens device and provide feedback on the model.

Statistical analysis {#Sec8}
--------------------

SPSS was used for all statistical analyses, with statistical significance set to ∝ = 0.05. Results are reported as mean ± SD. Mixed-design analysis of variance (ANOVA) was used to analyze between-group differences of knowledge acquisition, as measured by assessment test scores, and within-subject differences measured pre- and post-intervention. Bonferroni-corrected *t*-tests were used to compare subgroups post hoc. ANOVAs were used to compare group assessment scores pre- and post-intervention, in addition to participant responses on the satisfaction survey.

Results {#Sec9}
=======

Thirty participants were initially recruited and randomized to an intervention group, with 10 participants each in the DL, CM and HG groups. After randomization, one student in the DL group was unable to attend their intervention session and withdrew. Thus, 29 students ultimately participated in the study, with 10 students each in the CM and HG groups and 9 students participating in the DL group. All students completed the pre- and post-intervention assessments along with the satisfaction survey.

Knowledge acquisition {#Sec10}
---------------------

Average pre- and post-intervention assessment scores (maximum score of 20) are shown in Fig. [2](#Fig2){ref-type="fig"}. Pre-intervention assessment scores were 16.6 ± 3.0, 14.3 ± 4.0, and 17.6 ± 1.9 for DL, CM and HG groups, respectively. Post-intervention group scores were 19.1 ± 1.4, 19.5 ± 0.5, 19.4 ± 0.5, respectively. There was no significant difference between the DL, CM and HG groups on the pre-intervention \[F~(2,26)~ = 2.99, *p* = 0.07\] or the post-intervention \[F~(2,26)~ = 0.50, *p* = 0.61\] tests. There was a main effect of time (i.e., pre- and post-intervention) on assessment score \[F~(1,26)~ = 29.64, *p* \< 0.001\], given the overall average of the post-intervention test (19.3 ± 0.9) was significantly higher than the pre-intervention test (16.1 ± 3.3; mean difference = 3.2, *p* \< 0.001). There was a trending interaction effect between time and the type of intervention (i.e., DL, CM, HG) \[F~(2,26)~ = 15.83, *p* = 0.06\], given the DL (mean difference = 2.6 ± 3.2, *p* = 0.02) and CM (mean difference = 5.2 ± 3.9, *p* \< 0.001) but not the HG (mean difference = 1.8 ± 2.0, *p* = 0.08) groups performed significantly better on the post-intervention assessment compared to the pre-intervention test. Fig. 2Pre- and post-intervention assessment scores (maximum score of 20) of the Didactic Lecture (DL), web-based Computer Module (CM) and Holographic Model (HG) groups

Satisfaction survey {#Sec11}
-------------------

Figure [3](#Fig3){ref-type="fig"} illustrates each participant group's average rating of only their respective intervention (i.e., DL, CM, HG). There were significant differences in ratings of overall effectiveness \[F~(2,28)~ = 9.31, *p* \< 0.001\], with the HG (4.8 ± 0.4) receiving significantly higher ratings compared to the DL (3.9 ± 0.8, *p* \< 0.02) and the CM (3.6 ± 0.7, *p* \< 0.001). There was no effect of intervention on ratings of effectiveness at teaching factual content \[F~(2,26)~ = 0.04, *p* = 0.96\]. Participants' ratings of the teaching modalities significantly differed in terms of effectiveness of conveying spatial relationships between anatomical structures \[F~(2,26)~ = 21.15, *p* \< 0.001\], with the HG (4.8 ± 0.6) being rated significantly higher than the DL (3.0 ± 0.7, *p* \< 0.001) and the CM (2.7 ± 0.9, *p* \< 0.001). There were significant differences between participants' ratings of the teaching modality's learner engagement and motivation \[F~(2,26)~ = 16.47, *p* \< 0.001\], such that the HG (4.6 ± 0.7) was rated higher than the DL (2.6 ± 1.1, *p* \< 0.001) and the CM (2.2 ± 1.1, *p* \< 0.001). Fig. 3Participants' ratings of overall effectiveness, factual content delivery, ability to convey spatial relationships between anatomic structures, and ability to keep the learner engaged and motivated

As Fig. [4](#Fig4){ref-type="fig"} illustrates, when asked to indicate a preferred modality of learning anatomy, 2 (7%) participants indicated DL, 6 (21%) chose CM, 18 (62%) selected HG, and 3 (10%) preferred a combination of CM and HG \[χ^2^~(3,\ *N* = 29)~ = 22.45, *p* \< 0.001\]. Fig. 4Students' preference of teaching modality

Discussion {#Sec12}
==========

This prospective randomized controlled non-clinical trial was a proof-of-concept study aimed at evaluating the feasibility and effectiveness of learning ear anatomy using holographic anatomical models in comparison to traditional 2-D learning methods (i.e., didactic learning and web-based learning module). The primary outcome was factual and spatial knowledge acquisition of anatomic structures of the middle and inner ear, as demonstrated by quantitative tests administered at baseline and post-intervention. Secondary outcomes included learner interest and overall perception of the learning method, as indicated by qualitative questionnaires completed by all participants.

There was no significant difference between baseline knowledge of ear anatomy between the DL, CM and HG groups, confirming adequate randomization of participants prior to commencing the study. The current pre-clerkship curriculum at Queen's University utilizes didactic lectures, small group learning and cadaveric specimens to teach medical students the anatomy (macroscopic and histologic) and physiology of the outer, middle and inner ear. Furthermore, students are taught the various clinical presentations that are consequences of pathophysiological processes negatively impacting these otologic structures. The extensive curricular time spent on otologic anatomy and pathophysiology may perhaps help explain why participants performed well, on average, on the pre-intervention assessment.

All three groups demonstrated a consistent improvement in factual and spatial knowledge after completing their respective learning interventions. This improvement in factual knowledge is congruent with numerous studies that have successfully used computer-based technologies to teach anatomy \[[@CR5], [@CR18], [@CR33], [@CR34]\]. While augmented reality technology has been used to teach various components including skull anatomy \[[@CR23]\], neuroanatomy \[[@CR17]\], and skeletal structure \[[@CR14]\], this is the first study to date to apply 3-D holographic technology towards middle and inner ear anatomy, demonstrating its feasibility and effectiveness in this domain as well.

There were no significant differences noted among the three groups on post-intervention assessment scores, indicating that all methods of teaching ear anatomy were similarly effective. The finding of equal effectiveness among the three teaching modalities (DL, CM and HG) was surprising, given that a meta-analysis of 28 studies found that in comparison to other 2-D of teaching, 3-D visualization technologies resulted in higher factual knowledge and spatial knowledge acquisition \[[@CR38]\]. Previous work by our group has investigated the effect of teaching modality on students' ability to correctly diagnose middle and external ear pathology and learn otoscopy skills. When pre- and post-intervention assessments were conducted on an otoscopy simulator, post-intervention diagnostic accuracy was higher in the groups taught with a simulator and CM compared to a DL \[[@CR36]\]. When pathology assessments were conducted using real patients, however, there were no significant differences on post-intervention diagnostic accuracy between the simulator-, CM- and DL-taught groups \[[@CR37]\]. One possible explanation, then, is that while 3-D technologies are overall more effective at teaching anatomy compared to other methods \[[@CR38]\], the particular method of assessment used in a study may determine the relative effectiveness of one teaching modality compared to the others. In comparison to the traditional 2-D assessment, a 3-D-based assessment (e.g., anatomy "bell-ringer") might be better suited to capture knowledge differences between the HG and DL/CM interventions, the former of which presumably better teach anatomical spatial relationships due to the nature of the respective intervention compared to the 2-D DL and CM methods. Alternatively, the assessment questions may not have been sufficiently difficult, thus ceiling effects may have been reached with regards to improvements on the tests. Including more advanced content on the model and providing a more rigorous assessment of factual and spatial knowledge would perhaps elucidate clear score differences between the groups.

Significant differences emerged when participants were asked to provide an overall rating of their respective teaching modality, with students in the HG group rating their intervention significantly higher than the DL and CM groups. While the groups indicated there was no difference in the effectiveness at which each modality presented the factual content, participants in the HG group were more satisfied with how spatial relationships between anatomical structures were shown as compared to participants in either the DL or CM groups. Furthermore, the HG was rated higher by participants on stimulating learner engagement and motivation compared to the other two teaching modalities, such that when finally asked which method they would have preferred, 62% of participants chose the HG, regardless of intervention arm they had been placed in. The lack of a unanimous preference for the HG suggests that students were not merely opting for a novel technology, but instead, thoughtfully selecting the device for the perceived improved learning experience. This student preference for 3-D learning is a recurrent theme reported in anatomy pedagogical literature \[[@CR12], [@CR35], [@CR38]\]. Given the motivational incentive that it provides to learners, holographic and augmented reality technology can be a powerful tool when used as an adjunct to DL or CM \[[@CR24], [@CR25], [@CR27]\], particularly because 3-D technologies have been shown to equip trainees with a better understanding of anatomic spatial relationships compared to 2-D methods \[[@CR29]\].

Given the proof-of-concept nature of this study, the holographic model used has room for further improvement. In fact when asked for written feedback about the model, participants indicated they would like to see more complex anatomy in the future, including the option to layer adjacent anatomical structures in a step-wise function, so as to be able to contextualize the illustrated components. Participants additionally suggested designing the model so that it was not fixed in one place but could instead be manipulated by the user. This added feature may enhance factual and spatial knowledge retention, as the direct manipulation of virtual 3-D structures has been shown to improve the fidelity of users' internal representation of anatomical structures with regards to shape, location and orientation \[[@CR15], [@CR19]\]. In addition, participants requested the integration of text into the model itself, such that the user could select an anatomical structure, and a pop-up text block would appear that described the selected portion and outlined its functional role. Another suggestion was to program animations into the model (e.g., the conductance of sound waves from the tympanic membrane and ossicles into the cochlea), allowing students to overlay relevant physiology on the displayed structures. Our group will pursue these suggestions going forward.

In addition to the aforementioned simplicity of model design, a limitation of the study includes a lack of long-term participant follow-up to ascertain long-term knowledge retention. When the long-term (6-month) retention of laryngeal anatomy was assessed in students who had learned either from standard written instruction or a 3-D computer model, no significant difference in scores was noted \[[@CR8]\]. In contrast, the integration of varying learning methods appears to promote long-term retention of neuroanatomy \[[@CR25]\]. The present study included second-year medical students as participants, who would be in clerkship at the typical 6-month and 1-year follow-up time points. As such, a significant loss to follow-up was predicted for this cohort. Future studies by our group could include a longitudinal component by focusing on first year medical learners, who could then be followed more closely during their pre-clerkship curriculum, or by switching to online assessment methods to facilitate participants' remote completion of the tests. As a number of participants indicated a preference for combined CM- and HG-learning, future studies should also be directed at examining the effect of multi-modal teaching on immediate factual and spatial acquisition and retention.

Conclusions {#Sec13}
===========

The results of this study demonstrate that 3-D holographic technology is an effective method of teaching ear anatomy as compared to didactic lectures and computer-based modules. Furthermore, 3-D holographic technology is well-received by students, more effectively conveys complex spatial relationships between anatomic structures, and is better at engaging and motivating learners as compared to traditional 2-D methods of teaching. The authors believe that 3-D holographic technologies are useful tools that merit inclusion in Otolaryngology -- Head and Neck Surgery undergraduate medical education curriculum. Given the financial yearly cost and limited availability of cadaveric dissection, it is plausible that fully-developed augmented reality models could, in the future, serve as a more economically sustainable alternative or supplement to this traditional method of teaching anatomy.
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